We investigated by linear gradient analysis (RDA) the relationships between forest humus forms (9 10 humus forms and the Humus Index) and 148 variables describing geology, climate, soil type, 11 geography and the floristic composition of forest canopies, using 3441 plots of the EcoPlant database 12 covering the whole French territory. Among these variables, geology (alkaline vs acidic substrate) and 13 climate (warm/dry vs cold/rainy) were the major determinants of humus forms, scaling mull humus 14 forms from eumull to dysmull and opposing them to mor/moder, while the contribution of tree 15 canopies was negligible. This trend was verified by partial RDA with environment or abundance of 16 tree species from forest canopy as co-factors. The original position of amphi was confirmed: it was the 17 only humus form not included in the gradient of increasing biological activity ordinated according to 18 climate and geology. Results and possible forecasts of humus forms according to global warming were 19 discussed to the light of existing knowledge. 20
Introduction 23
The humus form, i.e. the vertical arrangement of organic matter in topsoil horizons, is known 24 to be influenced by biotic (litter amount and quality, soil-dwelling microbial and animal communities) 25 and abiotic factors (climate, parent rock, soil type) according to a variety of key processes which have 26 been reviewed by Ponge (2003) . While abiotic factors such as regional climate and geology cannot be 27 back-influenced by humus forms, at least in the short-term (but see Van Breemen, 1993 variables (taking the value 1 or 0 according to presence or absence in a given site of the corresponding 137 humus form). Clearly, the assignment of humus forms to the system of 9 humus forms used for the 138 calculation of HI, was sometimes imperfect. Depending on the time at which data were collected, 139 some older classification systems were used by field collectors. In a few instances, the distinction 140 between hemimoder, dysmull and amphimull, which is based on the presence/absence of an OH 141 horizon and on the structure of the A horizon (Brêthes et al., 1995), could not be done because these 142 forms were confused under the old-fashioned name mull-moder. In these cases, they were arbitrarily 143 assigned to dysmull. In most cases field collectors have been trained to the recognition of diagnostic 144 biological processes (fragmentation of litter, deposition of animal faeces, mixing of mineral with 145 organic matter) by using the field identification booklet by Jabiol et al. (2007) . 146
The composition of forest canopies was described by 88 variables (Appendix) measuring the 147 percent cover of tree species according to a scale from 0 to 6. The environment (geography, climate, 148 geology, soil type) was described by 36 variables (Table 1) to which were added 11 geographical 149 regions, thus totalling 47 variables, 38 of them being dummy variables. Table 1 summarizes the main  150 characteristics of the 11 regions covering the whole continental French territory. 151
A soil profile was dug under a clump of adult trees with a near complete canopy cover (≥ 152 80%) at more than 2 m from the nearest trunk. Soil types were classified according to the last version 153 classification (IUSS, 2006) are given in Table 1 . 155
Data analysis 157
Data were analysed by RDA (Redundancy Analysis). A total RDA was performed, using both 158 environmental and floristic variables as independent variables (n = 171) and variables describing 159 humus forms (9 dummy variables) and the Humus Index (discrete variable) as dependent variables. 160
All variables were centred and reduced (mean = 0, variance = 1) prior to analysis. Partial RDAs were 161 performed using either floristic or environmental variables as co-variables in order to estimate their 162 respective influence on humus forms (and their interaction) and to decompose the total variance 163 according to Borcard et al. (1992 
Results 168
The first three axes of RDA (F1, F2 and F3) extracted 83% of the explained variance (60% for 169 F1, 15% for F2 and 8% for F3). The variance explained by floristic and environmental data 170 represented 21% of the total variance, but permutation tests (500 permutations of rows and columns) 171
showed that the explanatory value of independent variables was highly significant (p<0.0001). The 172 projection of humus variables in the plane of the first and third canonical axes (Fig. 2) showed that 173 humus forms were distributed along F1 from most active (mull) to less active (moder, mor) forms. 174
Humus forms belonging to the mull group (eumull, mesomull, oligomull, dysmull) were discriminated 175 in the order of increasing accumulated organic matter while those of the moder-mor group (eumoder, 176 dysmoder, mor) were imperfectly discriminated, pointing to other factors than geology, pedology, 177 climate and woody flora that might influence them. Hemimoder was not fully discriminated from 178 origin of the Humus Index indicated a good correlation of this numerical variable with the first 180 canonical axis, which was verified by regression analysis (Fig. 3) : the Humus Index explained by itself 181 57% of the variance of F1. Amphi, which occupied an intermediate position along F1, like hemimoder 182 and dysmull, was fully discriminated by the third canonical axis, pointing to a distinct factor 183 explaining this humus form. The second canonical axis did not correspond to any interpretable factor, 184 the parabolic arrangement of sites in the F1-F2 plane (not shown) suggesting a horseshoe (Guttman) 185 effect. 186
The projection of independent variables in the F1-F3 plane (Fig. 4) showed that points 187 corresponding to tree species were projected near the origin while most environmental variables were 188 projected far from the origin, more especially along F1. Tree canopies had a feeble explanatory value 189 for humus forms, compared with environmental variables, to the exception of Abies alba Mill. Fig. 5a ) and temperatures of the warmest month (Fig. 5b) . The distribution of humus forms, and 202 accordingly the value of the Humus Index (H.I.), changed significantly between 'alkaline' and 203 'neutral' substrates (H.I. = 2.3 and 4.1, respectively), while they did not differ between 'neutral' and 204 'acid' substrates (H.I. = 4.1 and 4.3, respectively), which were thus equivalent for the distribution of 205 humus forms but not for other environmental variables, as suggested by F1 scores of environmental 206 variables (Fig. 4) . 207
Among climate variables, July temperature, and to a lesser extent mean annual temperature, 208
were projected on the 'mull' side while annual rainfall and Thornthwaite Aridity Index (which 209 increases with rainfall) were projected on the 'mor-moder' side of F1, indicating a combined influence 210 of temperature and precipitation on humus forms, temperature having a prevailing influence as 211 indicated by respective F1 scores. The influence of climate was verified by comparing the distribution 212 of humus forms and the value of the Humus Index in three groups differing by July temperature 213 (>19°C, 15-19°C and <15°C): all differences were significant, indicating that there is a continuous 214 gradient of decreasing presence of mull and increasing presence of mor and moder and a higher 215
Humus Index when the environment becomes colder (Fig. 5b) . 216
The poor influence of tree canopy on humus forms (at the scale of the whole French territory) 217 was verified by classifying the sites in deciduous and coniferous forests ( Partial RDA showed that tree species composition and abiotic variables did not contribute to 234 the same extent to the distribution of humus forms. When the composition of tree canopy was kept 235 constant, environmental variables explained a significant part (19%) of humus form variation (Monte-236 Carlo permutation test, Pseudo-F = 0.23, P<0.0001), while when only tree species variables were 237 allowed to vary, a much lower(3%) and insignificant part of humus form variation was explained 238 (Pseudo-F = 0.03, P = 1). The interaction between environment and tree species composition was 239 negligible (0.2%). Residual (unexplained) variation amounted to 79%. 240 241
Discussion 242
We showed that at the scale of the French continental territory (1000 km from West to East 243 and 1000 km from North to South, elevation from 1 to 2500 m) the distribution of humus forms and 244 the value of the Humus Index were but poorly explained by the composition of the forest canopy, but 245 were affected by geology, climate and associated soil types. This contradicts current tenets about the 246 detrimental influence of coniferous litter on soil biological activity, which has been always 247 demonstrated at a scale at which geology and climate could not vary and interfere with it. Our results 248 point to a decisive influence of large-scale factors such as parent rock, temperature and to a lesser 249 extent rainfall. We are more cautious about the influence of soil conditions on humus forms, shown by 250 the distribution of soil types along the first canonical axis of RDA, given that the development of the 251 soil profile is strongly influenced by soil biology (Bullinger-Weber et al. The poor influence of tree species on humus forms, compared to that of geology and climate, 276 can be explained by the influence of parent material and climate on litter quality. For a given tree 277 species, the composition of leaf or needle foliage may vary according to substrate (Nicolai, 1988; 278 Hättenschwiler et al., 2003) and to a lesser extent according to climate (Aerts, 1997), making 279 palatability and nutritional quality of tree litter more dependent on the environmental context than on 280 the taxonomic level. Bernier (1998) showed that the anecic earthworm Lumbricus terrestris L. 281 consumed spruce needles from a coniferous selection forest (not planted) and mixed them with the 282 mineral soil, stemming in the building of mull humus. Such results point on possible confusion of 283 negative coniferous effects with the detrimental influence of (1) plantation forests (whether deciduous 284 or not) to which local animal and microbial communities needs time to become, if any, adapted 285 (Hansen, 1999), and (2) associated ground vegetation (Wolters, 1999) . In the present database most 286 measurement plots were installed in indigenous forest stands, avoiding young plantations. However, it 287 must be noticed that we found a marginally significant negative correlation between the Humus Index 288 and the species richness of the tree canopy (r = -0.035, P = 0.041), which could be explained by either 289 or both (1) The fact that moder (eumoder and dysmoder) and mor could not be discriminated by the first 295 canonical axis of RDA points to the existence of other possible environmental influences, not taken 296 into account in our data matrix, such as soil chemistry, known to discriminate moder and mor in 297 addition to morphological and biological characters (Wilson et al., 2001 ). In addition, it must be 298 pointed out that in the French context the mor humus form is rare and never typical. 299
The particular case of amphi is worth to notice. This humus form, which has been previously 300 
